Multiple sclerosis (MS) is a chronic inflammatory autoimmune disease that destroys central nervous system (CNS) myelin. Although, the exact pathophysiology of MS is unknown, it is associated with CNS infiltration of T-cells and monocytes, which subsequently activate phagocytic cells that directly damage myelin. Brain-derived neurotrophic factor (BDNF) and its receptor, tropomyosin-related kinase receptor (TrkB), have recognized roles in myelin structure formation, maintenance, and repair. We used an experimental autoimmune encephalomyelitis (EAE) model of MS to determine changes in TrkB expression that may contribute to neurological recovery and myelin repair following an early inflammatory immune-mediated attack on CNS myelin. Spinal cord (SC) TrkB gene and protein expression were analyzed at various time intervals post-EAE induction. Analysis of gene and protein expression was conducted in animals with EAE relative to active controls (AC) and naïve controls (NC). We showed significant increases in TrkB protein in the SC of EAE rats 12 days post-induction relative to controls. This elevated TrkB expression correlated with the onset of neurological recovery days 12 to 15 post-EAE induction. Furthermore, immunohistochemistry (IHC) analysis revealed up-regulated expression of TrkB in several SC cell types including a specific subset of BDNF responsive neuronal cells. Finally, transmission electron microscopy (TEM) showed the ultrastructural integrity of myelin is already compromised during the early, Research in Immunology: An International Journal 2 _______________ inflammatory stage of EAE prior to widespread demyelination. Therefore, the molecular signaling of SC BDNF via TrkB represents a key therapeutic target whose manipulation could facilitate myelin repair and neurological recovery following an MS-induced myelin attack.
Introduction
Multiple sclerosis (MS) is a chronic inflammatory disease of the central nervous system (CNS) (Namaka et al., 2011b) . There are essentially two phases of disease, an inflammatory phase involving the infiltration of active T-cells and monocytes into the CNS, followed by a second phase of disease involving immune mediated cell death of oligodendrocytes (OGs) (Namaka et al., 2011b) . Due to the lack of human tissue samples, MS research has largely relied on various animal models (Lu et al., 2012 , Stepanov et al., 2012 to explore the intricate cellular signaling that regulates myelin structure, function and repair. Animal models using myelin basic protein (MBP) as the antigen, characteristically activate lymphocytes that mediate an inflammatory response without demyelination (Genain and Hauser, 1996) . One of the characteristic pathological features of MS is the identification of segments of demyelinated axons with subsequent death of OGs (Totoiu and Keirstead, 2005 , Emery et al., 1998 , McTigue et al., 2001 , Mekhail et al., 2012 . Oligodendrocyte progenitors (OPs) attempt to proliferate and become mobilized for subsequent recruitment to the sites of injury in order to re-myelinate denuded axons (Keirstead et al., 1998 , Gensert and Goldman, 1997 , McTigue et al., 2001 . However, they are unable to completely repair the damaged myelin. The cellular mechanisms that govern this "insufficiency" are currently unknown.
Although several studies have shown that OPs exist in the CNS (Horner et al., 2000 , Gogate et al., 1994 , Frost et al., 2003 , their inability to appropriately migrate, proliferate and differentiate at the site of SC injury results in partial or incomplete myelination (McTigue et al., 2001 , Lytle et al., 2009 , Ishii et al., 2001 . Previous studies have tried to target the effects of growth factors on OPs to optimize this process but these efforts have resulted in only marginal success (Messersmith et al., 2000 , Armstrong et al., 2002 , Frost et al., 2003 . Thus, the mechanism for re-myelination of SC white matter is still unknown. Henceforth, the current research is focusing on examining the time dependent expression changes of TrkB during the early inflammatory phase of EAE in the SC as a possible mechanism of cellular responsiveness to local BDNF release.
Regulation of Myelin Formation via BDNF:
The neurotrophin BDNF has been suggested as a critical factor involved in remyelination and/or the structural repair of myelin (Linker et al., 2009 , Lykissas et al., 2007 . However, the specific molecular mechanism(s) linking BDNF activity to SC myelin repair are not well defined. Furthermore, little is known about the exact molecular mechanisms by which BDNF/TrkB regulates the myelinproducing cells and the structural protein composition of myelin. Irrespective, part of the beneficial effects of BDNF result from its direct ability to induce OP proliferation ( Van't Veer et al., 2009 ), migration and differentiation at the site(s) of injury (Nakajima et al., 2010) , which are essential steps in myelin formation (Vondran et al., 2010 , Cellerino et al., 1997 . In addition to regulating OG lineage cells, BDNF also regulates other cell types (including astrocytes and neurons) that are also critical for myelination (Emery, 2011) . Furthermore, BDNF is responsible for regulating the expression of the main structural proteins of myelin such as MBP (Djalali et al., 2005) , myelin associated glycoprotein (MAG), and proteolipid protein (PLP) in mature OGs (Cellerino et al., 1997 , Du et al., 2006 , Vondran et al., 2010 . In addition, we have also published research that provides key evidence in support of BDNF and myelin repair. Our recent study demonstrated that following EAE induction, BDNF was up-regulated in the DRG and delivered to the SC (Zhu et al., 2012) . Specifically, small to medium-sized (Zhu et al., 2012) . As a result, DRG-derived BDNF is now recognized as an essential requirement for SC myelin repair and subsequent neurological recovery following an immune system mediated attack.
_______________

BDNF Molecular Signaling:
BDNF is synthesized and secreted as a precursor protein, called proBDNF (34 kDa), which can be proteolytically-cleaved to produce a mature form (13 kDa) (Seidah et al., 1996 , Pang et al., 2004 , Kolbeck et al., 1994 . In general, BDNF signaling is regulated via a receptor complex that encompasses two different receptor classes: the tropomyosin-related kinase (Trk) receptor B (TrkB) (Patapoutian and Reichardt, 2001, Bibel et al., 1999) and the p75NTR receptor, a member of the tumor necrosis factor (TNF) receptor superfamily (Bibel et al., 1999 , Lee et al., 2001 . Previous studies have shown that SC OGs do not express TrkB, but do express p75NTR (Althaus et al., 2008 , Cohen et al., 1996 . The mature, 13kDa form of BDNF only signals via the TrkB receptor (Patapoutian and Reichardt, 2001) , whereas, proBDNF (34 kDa) interacts with the p75 neurotrophin receptor (NTR) (Binder and Scharfman, 2004) to mediate biological actions distinct from those of TrkB (Bibel et al., 1999 , Schecterson and Bothwell, 2010 , Shamovsky et al., 1999 . Although there are no published studies addressing TrkB expression in SC OGs, there are studies showing that proBDNF promotes myelination via p75NTR-mediated activity independent of TrkB (Cosgaya et al., 2002 , Teng et al., 2005 . Specifically, inhibition of the p75NTR receptor activity prevented the expression of one of the key structural proteins of myelin called MAG (Cosgaya et al., 2002) . Thus, proBDNF is critical for the structural integrity of the intact myelin sheath through TrkB-independent pathways. However, despite the apparent beneficial roles of BDNF/TrkB in myelin repair, its exact mechanism is still unknown (Zhu et al., 2012) .
We hypothesized that SC BDNF responsive cells contribute to myelin repair and neurological recovery following an immune system mediated attack on CNS myelin. As a result, an MBP-EAE animal model of MS was specifically used to identify the BDNF responsive cells during the early inflammatory phase of the disease process prior to de-myelination.
Materials and Methods
EAE Model & Neurological Testing
Experimental autoimmune encephalomyelitis (EAE) was induced using MBP, in adolescent female Lewis rats (Charles River, Montreal, QC) as previously described (Zhu et al., 2012) . A total of 66 adolescent female Lewis rats were divided into 3 experimental groups: naïve control (NC), active control (AC) and experimental autoimmune encephalomyelitis (EAE) . NC animals (n=6) did not receive any injections. AC animals (n=30) received 2 intraperitoneal injections (I.P.) of pertussis toxin (PT; List Biological Laboratories CN: 180) (0.3 μg in 200 µl of phosphate buffered saline (PBS; Sigma: P-5368) at the identified time point's day 0 & 2. In addition, these animals also received 2 x 50 μl s.c bilateral injections of Freund's adjuvant (FA; (Sigma, CN: F-5506) + 500 μg of Mycobacterium Tuberculosis H37Ra (MT; Difco Laboratories, CN: 3114) + saline into the area above the base of the tail at day 0. EAE animals (n=30) received the same PT regimen administered to AC plus full inoculation with FA + 500 μg MT + 100 μg Guinea pig myelin basic protein (MBP; Cedarlane, CN: GP68-84 ) given as 2 x 50 μl s.c injections into the area above base of the tail. Animals in the AC and EAE groups were sacrificed for comparative protein and gene analysis at day 3, 6, 9, 12, and 15. Acronym identifier such as EAE3 refers to EAE animals -3 days after inoculation vs AC3 refers to AC animals 3 days after inoculation and so forth. (Ben-Hur et al., 2007) indicates that EAE animals, begin to develop mild clinical symptoms by day 9 (tail weakness or paralysis) (Costa et al., 2003) . By day 12 to 13 all animals experience a full range of neurological deficits such as tail and forelimb weakness, loss of bladder control and hind-limb paralysis. Based on our previous experience, with this model, the EAE rats enter into remission and regain motor function by 15 days post EAE induction. Female rats were specifically chosen because they are more predisposed to be affected than males (Orton et al., 2006) . Neurological disability is scored according to the criteria detailed previously (Melanson et al., 2009 ). Neurological disability is scored according to the following criteria: Tail: 0 = normal; 1 = partially paralyzed, weakness; 2 = completely paralyzed, limp: Bladder: 0 = normal; 1 = incontinence: Right hind limb: 0 = normal; 1 = weakness; 2 = dragging with partial paralysis; 3 = complete paralysis: Left hind limb: 0 = normal; 1 = weakness; 2 = dragging with partial paralysis; 3 = complete paralysis: Right forelimb: 0 = normal; 1 = weakness; 2 = dragging, not able to support weight; 3 = complete paralysis: Left forelimb: 0 = normal; 1 = weakness; 2 = dragging, not able to support weight; 3 = complete paralysis. SC tissue will be collected at days 3, 6, 9, 12 and 15. Whole DNA/RNA and protein was collected using commercially available kits as described in our previous publications (Vora et al., 2010 , Zhu et al., 2012 , Begum et al., 2013 . Changes in TrkB gene and protein expression levels will be assessed by standard in house protocols for immunohistochemistry (IHC), real time RT-PCR, and western blotting (WB) (Zhu et al., 2012 , Vora et al., 2010 , Melanson et al., 2009 , Begum et al., 2013 , Begum et al., 2010 .
Real Time Reverse Transcription Polymerase Chain Reaction
Total RNA was isolated from SC tissue using TRIzol® reagent (Invitrogen, Carlsbad, CA, USA) according to manufacturer's protocol. The mRNA was transcribed to cDNA and quantitative real time RT-PCR was conducted for measuring target gene as previously described (Zhu et al., 2012) , using a Light-Cycler-DNA master SYBR green-1 kit following the manufacturer's protocols (Bio-Rad, Hercules, CA, USA). TrkB primers were: forward:
5'-acgtcaccaatcacacggagtacc-3'; reverse;
5'-ctggcagagtcatcgtcgttgc-3', annealing temperature 62°C. PCR product was calculated to a length of 430bp, as was confirmed on an ethidium bromide agarose gel. GADPH primers were: forward: 5'aagaaggtggtgaagcaggcg-3'; reverse; 5'agacaacctggtcctcagtgtagc-3'.
Western Blot (WB)
Protein concentration for each sample was assessed using the Bradford protein assay. For each sample, 30 µg total protein was analyzed by WB as previously described (Zhu et al., 2012) . Anti-TrkB antibody (1:500, R&D system Minneapolis, MN, USA) was used to detect BDNF protein.
Following incubation with anti-rabbit secondary antibody (1:10,000, Jackson ImmunoResearch, West Grove, PA, USA), the enhanced chemiluminescence signal was detected by Multi Image ®II FluorChem®FC2 (Alpha Innotech, Santa Clara, CA, USA). Signals were normalized to GAPDH (1:1000; R&D Systems). Densitometry readings were performed using a FluorChem 8900 scanner (Alpha Innotech, San Leandro, CA, USA) with Alpha Ease FC software, and relative density ratio was calculated for the individual TrkB band density for each sample, vs. GAPDH levels. Three different cell preps were assayed by western blot and the mean densities for each band calculated, and their mean value was used (Frost et al., 2009) .
Immunohistochemistry (IHC) Analysis
For IHC analysis of protein expression, animals were perfusion fixed with 4% paraformaldehyde as previously described (Zhu et al., 2012) . Spinal columns were dissected free of overlying muscle and connective tissue, and decalcified according to previously described protocols (Begum et al., 2010) . Qualitative IHC analysis of 10 µm cryostat sections were conducted (2014), Research in Immunology: An International Journal, DOI: 10.5171/2014.612406 according to previously described methods (Zhu et al., 2012) . Double-labeled immunofluorescence using antibodies against MBP (1:50, Santa Cruz), GFAP (1:100, Santa Cruz), CD68 (ED1) (1:100, Santa Cruz), PDGFR-α (1:50, Santa Cruz), CD4 (1:100, Santa Cruz), and neuron specific β-III Tubulin (1:50, R&D) were conducted in conjunction with the polyclonal antibody TrkB (1:100, R&D system Minneapolis, MN, USA). Imaging was conducted using an Olympus BX51 configured with FV5000 confocal laser scanning capability. Acquired images were captured in Fluoview Version 4.3. Image sizing, black background balancing and final collation for publication were performed using Adobe Creative Suite 2 v9.0.2 (Adobe Systems Inc., San Jose, CA, USA). Cell size analysis was performed using Image Pro Express software (Media Cybernetics, Bethesda, MD, USA). No image manipulations were performed other than those described. Primary antibody and secondary antibody omission studies were also conducted on the samples (data not shown).
Axonal Diameter Size in the Dorsal Horn of the SC
The diameters of cross-sectional axons in SC tissue expressing TrkB were measured. TrkB positive (TrkB+) neurons were identified and measured in each of the 10 µm thick SC sections obtained from each experimental group (NC, AC, EAE). Imaging was performed using an Olympus IX81 scanning laser confocal microscope. Images were captured in Fluoview FV500 software. Image processing and nerve fiber diameters were measured (image of 100X magnification were used) using the Image Pro Express V6.0 (Media Cybernetics) software.
To measure the nerve fiber diameters, a line was drawn from one edge of the axon to the opposite end to obtain a cross-sectional width of the nerve fibers. Measurements are expressed in microns. Statistical analysis of cell sizes were performed using GraphPad Prism version 4.03 for Windows, GraphPad Software, San Diego California USA, www.graphpad.com. The data were analyzed using one way analysis of variance (ANOVA) with Bartlett's test (for equal variances) and Dunnett's Multiple Comparison Test. Significance was set at p<0.05. Significant differences between the means of different observational groups were determined.
Transmission Electron Microscopy (TEM)
SC ultrastructure was observed with TEM for changes in myelin protein structure and integrity. Animals from each experimental group (n =1) at day 12 post inoculation were perfused via left ventricle with a prefix solution containing 1I.U./ml heparin and 1% sodium nitrate in 0.9 % sodium chloride followed by a fixative solution of 4% of paraformaldehyde in Sorensen's buffer (pH 7.3). Whole SCs were extracted and dissected into 1 mm by 1 mm sections and incubated by immersion with the same fixative solution for 3 hours, and then the solution was replaced with 5% sucrose in 0.1 M Sorensen's buffer for 1 hour. Tissue sections were post-fixed using 1% of osmium tetroxide. The samples were dehydrated in ascendant alcohol and subsequently embedded in epon812 resin (E.M.S., Embed-812 embedding kit, 14120). Thin sections were stained with uranyl acetate and counterstained with lead citrate. SC ultrastructure was observed and micro photographed with a transmission electron microscope Philips CM10, at 60 kV, on ultra-thin sections (100 nm 
Results
Neurological Disability
All animals in the EAE groups were assessed for neurological disability according to previously described protocols (Zhu et al., 2012 , Begum et al., 2013 . None of the animals displayed neurological deficits prior to day EAE6 as evident by a score of zero. However, all EAE animals started to display signs of neurological disability by EAE9 representing the early inflammatory stage of disease induction (0.57 ± 0.45) ( Figure  1) . Mean peak neurological disability score (6.42 ± 5.35) was achieved by EAE12 which subsided by EAE15 (1.5 ± 1.41) as the animals entered the remission phase of disease. This pattern of neurological disability is well characterized for this animal model, and it has been consistent with our previous publication, give us the same graph published by (Begum et al., 2013) published in BioMed Research International. In contrast, NC and AC animals did not display neurological symptoms (data not shown). (Begum et al., 2013) .
Expression of Trkb Protein in the EAE SC
WB was used to determine the comparative time dependent TrkB protein expression amongst the 3 experimental groups (NC, AC and EAE). WB analysis revealed a significant increase in TrkB expression in EAE9 and EAE12 groups compared to NC and AC9 and AC12 groups (Figure 2A) . Densitometry was conducted on the blots, and TrkB protein levels were assessed as a ratio of GAPDH levels. NC animals show TrkB protein expression at 0.235 ± 0.02. AC9 and AC12 animals show increased protein expression of TrkB relative to NCs (AC9 = 0.576 ± 0.12; AC12 = 0.807 ± 0.15). In comparison, EAE9 and EAE12 animals show a significant increase of TrkB expression in the SC over NCs and AC9 and AC12 (EAE9 = 2.124 ± 0.24 p<0.05 and EAE12 = 2.24 ± 0.26, p<0.05) (Figure 2B) . 
Expression of TrkB mRNA in the EAE SC
Real time RT-PCR was used to assess TrkB mRNA expression from all NC, AC and EAE groups. The data was normalized with GAPDH expression from each sample. Statistical analysis shows no significant difference in TrkB mRNA expression between EAE and AC groups (Figure 2C) . However, EAE12 and EAE15 animals did show a significant increase in mRNA expression over NC group (p<0.01 and p<0.05 respectively) (* = p<0.05; ** = p<0.01; ANOVA followed by Tukey's posthoc test). 
IHC Analysis of BDNF Responsive Cells in the SC Glial Cells
Double-labeled IHC staining was conducted to identify various types of BDNF responsive cells (TrkB expressing cells). A variety of cellular markers including: CD68
(macrophages, GFAP (astrocytes), PDGFRα (oligodendrocyte precursors) and MBP (mature OGs) were used to determine the expression of TrkB on glial cells. Our results show that TrkB was not co-localized with any of the other glial cell markers for which we have examined in the dorsal horn of the EAE SC (Data not shown).
Immune Cells
IHC analysis identified TrkB protein colocalization with CD4+ T-cells ( Figure 3A) and Th17 cells in EAE SC (Figure 3B) . These results confirm that immune cells express the TrkB receptor in EAE SC. 
Figure 3: Trkb Expression by Immune Cells in the EAE SC
_______________
Neuronal Cells
IHC analysis of EAE SC identified TrkB colocalization with the neuronal marker β-IIItubulin (Figure 4) . Interestingly, IHC analysis also showed enhanced TrkB+ cells being localized specifically to the posterior marginalis and the nucleus proprius layers (Figure 5A) of the dorsal horn. IHC analysis suggests that the specific subsets of BDNF responsive neurons are likely to be Aδ fibers. The reason being is that Aδ fibers originate in the dorsal root ganglia and synapse in the posterior marginalis. 
Figure 4: Trkb Expression by Neurons in the EAE SC
_______________
Measurement of Nerve Fibers Diameters in the Dorsal Horn of the SC
Dorsal horn nerve fibers expressing TrkB showed a statistically significant (p<0.0001) increase in size in the EAE12 group compared to AC animals at the same stage of the disease progression. NC SC nerve fibers had a mean diameter of 1.12 ± 0.34 μm, compared to AC animals with a mean diameter of 1.27 ± 0.33 μm. EAE animals have a mean nerve fiber diameter of 2.01 ± 0.58 μm which is highly significantly different from the AC nerve fiber diameters (*** = p<0.0001) - Figure  5B . These results suggest that the TrkB+ neuronal cell population switches from C fibers to Aδ fibers involvement following immune system activation. These findings correlate with the IHC findings described above, shown in Figure 5A . 
Figure 5B:
Analysis of nerve fiber diameter of the TrkB positive neurons identified from SC nerve fibers in the dorsal horn. C fibers are on average 0.5-2.0 μm in diameter, while Aδ is on average 1-5μm in diameter. NC SC fibers have a mean diameter of 1.12 ± 0.34 μm, compared to AC12 with a mean diameter of 1.27 ± 0.33 μm. Interestingly the nerve fibers from EAE12 animals have a mean diameter of 2.01 ± 0.58 μm which is highly significantly different from the nerve fiber diameter for that of AC12 (*** = p<0.0001).
Myelin Pathology in the SC Observed in TEM
Since animals induced to a state of EAE exhibit peak neurological disability 12 days post-EAE induction, we aimed to assess the effect of EAE disease state on the structure and integrity of the myelin sheath. We believe changes in myelin structure and integrity contribute to the development of neurological disability seen in animals with EAE. We analyzed lumbar SC ultrastructure using TEM to assess the Comparative assessment of TEM images for NC, AC12, and EAE12 animals reveal significant myelin pathology during EAE ( Figure 6 the axons of small to medium diameter neurons are markedly thinner than in both healthy and non-disease controls (Figure 6 IV, V). In addition, there is pronounced absence of myelin ensheathment in large diameter axons, as well as, the presence of necrotic cells. These changes in myelin integrity correlated with peak neurological disability (Figure 1 ).
Figure 6: Changes in Myelin Protein Structure and Integrity Observed by TEM
Direct magnification 4600x using an AMT camera system. Scale bars at 2 µm. The TEM images captured in this figure were obtained from SC tissue subjected to identical experimental conditions and imaging procedures. I) SC tissue in NC shows normal myelin ensheathment of various sized axons; myelinated large diameter axons (white arrow), medium diameter (white arrow head), and small diameter axons (white square). II-III) There is normal myelin ensheathment in AC12 SC tissue; myelinated large diameter axons (white arrow), medium diameter (white arrow head), and small diameter axons (white square). IV-V) TEM images reveal myelin pathology in the SC tissue of EAE12 as demonstrated by the marked reduction of myelin ensheathment in small to medium diameter axons and an absence of myelin coating in large diameter axons. White** = small diameter non myelinated axons in EAE12 SC tissue. White + = thinly myelinated small to medium diameter axons in EAE12 SC tissue.
Discussion
Although the exact mechanisms underlying MS remain unknown, several therapeutic candidate molecules have been suggested to have a significant beneficial role in repairing damaged myelin and reversing the neurological disabilities associated with this white matter disorder (Namaka et al., 2011a , Melanson et al., 2009 . Specifically, recent studies have identified BDNF as a critical regulator of myelin repair following immune system mediated destruction of CNS myelin (Zhu et al., 2012 , VonDran et al., 2011 , Cosgaya et al., 2002 , Lee et al., 2012 . However, there is little understanding of the exact role of BDNF in MS. We hypothesized that the TrkB receptor for BDNF represents a critical component essential to the beneficial molecular signaling of BDNF that is involved in myelin repair following EAE induced myelin damage. Therefore, we designed a study focused on assessing the time dependent expression changes of the high-affinity receptor TrkB in the SC following EAE induction.
Our data demonstrates significant increases in the protein expression for TrkB in the SC of EAE compared to NC animals and AC animals at the same time points following EAE induction. Interestingly, based on the SC distribution of the TrkB+ cells within the dorsal horn ( Figure 5A) , we show that these _______________ Wenjun Zhu, Crystal Acosta, Brian J. MacNeil, Thomas Klonisch, Claudia Cortes, Malcolm Doupe, Yuewen.Gong and Michael Namaka (2014), Research in Immunology: An International Journal, DOI: 10.5171/2014.612406 BDNF responsive cells correspond to the anatomical location and nerve fiber diameter of those neurons involved in the transmission of pain. Based on our earlier published EAE studies (Zhu et al., 2012) , we demonstrated that BDNF is up regulated at day 12 in the dorsal horn of the SC following EAE induction (Zhu et al., 2012) . Interestingly BDNF signaling via TrkB in the dorsal horn of the SC is known to contribute to neuropathic pain (NPP) by activation of microglia (Zhou et al., 2011) . NPP is a chronic syndrome commonly suffered by patients with MS (Chatel et al., 2001) . It is proposed NPP and the early induction of MS share molecular mechanisms (Truini et al., 2013) . As such, up to 50% of MS patients present with NPP prior to their diagnosis or in the earliest stages of disease progression (Solaro et al., 2013 , Osterberg and Boivie, 2009 , Svendsen et al., 2003 , which suggests the development of NPP in patients with pre-disposing risk factors for MS may serve as a pre-diagnostic indicator for MS. Therefore, the up regulation of BDNF (Zhu et al., 2012) and increase in cellular responsiveness (via TrkB) to local BDNF release in the dorsal horn SC may contribute to the development of NPP. Thus, an elevation in BDNF and TrkB may likewise serve as early indicators for the development of MS.
In this study we showed a significant upregulation in TrkB protein expression (EAE 9 -15) throughout theSC which suggests increased cellular responsiveness to BDNF via TrkB thereby contributing to neurological recovery. This is consistent with the findings of Song et al , which showed that reduced TrkB expression increased EAE disease severity (Song et al., 2013) . Interestingly, our IHC data showed the absence of TrkB expression in SC astrocytes during EAE. However, recent SC injury studies indicate that the TrkB receptor on astrocytes sequester the incoming BDNF protein in injured SC (Liebl et al., 2001 , Zhang et al., 2012 , thereby preventing BDNF from exerting its beneficial effects on re-myelination and/or myelin repair. Our data in this regard, suggests that BDNF sequestering may not be possible due to the absence of astrocyte TrkB expression. Thus, this would allow DRG-derived BDNF to promote neurological recovery/remission and exert its effects on myelin repair following an EAE induced insult to CNS myelin. BDNF signaling via TrkB has been shown to be protective, reducing disease severity during the early mild phase of EAE (Song et al., 2013) . Our results using an MBP inflammatory model of EAE also support these findings. Interestingly, this is not the case during severe disease (Song et al., 2008) . In fact, it has been demonstrated that an increase in TrkB expression in astrocytes in MS and EAE lesions facilitates nitric oxide production and neurodegeneration that inhibit remyelination (Colombo et al., 2012 , Stadelmann et al., 2002 , Aharoni et al., 2005 , De Santi et al., 2009 . As such, researchers must be aware of the differential effects that correspond to the differential progression stages of MS. Hence, these later findngs suggest that in the later stages of disease progression TrkB signaling may modulate disease outcome and severity. Thus differential TrkB signaling may lead to different biological outcomes that are dependent on time throughout disease course. Accordingly, it is not surprising then that during an early inflammatory pre-demyelinating model of EAE we noted an absence of astrocyte TrkB expression. This is likely because the duration of the study was too short to demonstrate long term disease progression. Henceforth, the lack of TrkB containing astrocytes during early EAE induction may help account for recovery from neurological disability by EAE15. As a result, our study identifies that the early inflammatory stages following EAE may represent the most optimal time for targeted treatment strategies to reverse the downstream effects of myelin damage that are known to occur as a function of time. However, additional studies are required to confirm this.
As a result, there appears to be a narrow window of time in the early stages of MS by which BDNF can beneficially signal through TrkB to promote myelin repair. As the disease progresses, there appears to be a continued elevation of TrkB containing astrocytes. These TrkB+ astrocytes _______________ Wenjun Zhu, Crystal Acosta, Brian J. MacNeil, Thomas Klonisch, Claudia Cortes, Malcolm Doupe, Yuewen.Gong and Michael Namaka (2014) , Research in Immunology: An International Journal, DOI: 10.5171/2014.612406 eventually take over and prevent complete myelin repair at the lesioned site by sequestering BDNF. As a result, patients in the later stages of disease progression are left with a permanent neurological disability for which they can't recover. Based on the current knowledge of MS, patients with relapsing remitting MS (RRMS) eventually develop secondary progressive MS (SPMS). SPMS is the clinically recognized progressive phase of the disease where patients experience a continued decline of neurological function without any periods of remission/myelin repair. The TrkB findings presented from our research in the early inflammatory stages of EAE taken together with the findings of other EAE researchers involving the later stages of the disease, confirm the importance of BDNF and TrkB in myelin repair. Our research also suggests the importance of astrocytes in preventing myelin repair in the later stages of MS.
Interestingly, in our study we did not see TrkB co-localized with oligodendrocyte immunoreactivity.
This contradicts previously published studies, which have shown SC OGs express TrkB (McCartney et al., 2008) . The difference between our study and the previous studies may be as a result of the use of different antibodies to identify cells of the oligodendrocyte lineage, or the type of animal model being studied.
Furthermore, we did not identify TrkB+ cells in NC SC grey matter, which correlates with one previous study (McCartney et al., 2008) . However, it is possible that TrkB expression in OGs does not occur in the early stages of the disease progression, further studies of the later secondary demyelinating phase of the disease may reveal a role for BDNF in the direct regulation of re-myelinating events. Alternatively, BDNF may regulate OGs via pro-BDNF via p75NTR interactions on OGs. ProBDNF is known to promote myelination via p75NTR-mediated activity independent of TrkB (Cosgaya et al., 2002) . BDNF binds to two neurotrophin receptors, p75NTR and TrkB (Schecterson and Bothwell, 2010) . Pro-BDNF preferentially binds to p75NTR (Chao, 1994) , and the mature form of BDNF binds with high affinity to the TrkB receptor (Arevalo and Wu, 2006) . Studies show that OGs express p75NTR , expression of which is down regulated after axonal contact is made (Cohen et al., 1996) . Thus, further studies are required to identify the differential expression of p75NTR and TrkB in OG lineage cells.
Several studies have shown that CD4+ cells are an important source of BDNF that contributes to immune mediated neuroprotection (Linker et al., 2010) . Our results show that cells of immune origin specifically CD4+ Th cells and Th17 cells, also express TrkB and are therefore responsive to BDNF signaling. BDNF appears to regulate the differentiation of thymocytes to their CD4+ or CD8+ mature status (Maroder et al., 1996) . Thus it is plausible that in the early stages of EAE disease progression (as assessed in our study), the TrkB+ CD4+ cells we identified are recently differentiated Th cells. These cells may lose their BDNF responsiveness as they mature. Th17 cells have recently been identified as playing a critical role in the MS disease process (El-Behi et al., 2010) . However, there have been no studies investigating the role of BDNF in the regulation of Th17 cells. It is possible that their differentiation is also regulated by BDNF in the early stages of maturation. It is also possible that BDNF acts to protect the Th17 cells from activation-induced apoptosis (De Santi et al., 2011) . Further studies are required to confirm a role for BDNF in regulating Th17 cells. Inflammatory responses can provide regenerative and protective effects during CNS damage (Moalem et al., 1999 TrkB mRNA expression between EAE and AC groups. These results suggest that increased SC TrkB protein expression may be as a result of increased translation in the axons. Our previous study showed that the predominant source of BDNF protein expression in the DRG is small diameter (1-5 µm) Aδ sensory nerve fibers (Zhu et al., 2012) . Consistently, our current study identifies Aδ fibers as the predominant TrkB+ (BDNF responsive) cells in the dorsal horn. Additionally, while large diameter axons are absent of myelin, small to medium sized axons exhibit only a marked reduction of myelin ensheathment based on TEM analysis.
Although, a marked thinning of myelin coating in small to medium diameter neurons may compromise the structural integrity of Aδ fibers, BDNF transport mechanisms may likely still be functional during EAE (Zhu et al., 2012) . Further, our results suggest that the TrkB+ neuronal cell population switches from C fibers to Aδ fibers following immune system activation, which may serve to increase BDNF transport from the DRG to SC. As a result, the increase expression of TrkB in Aδ fibers and the presence of thinly myelinated small to medium axons support our hypothesis that the transport of DRG-derived BDNF into the SC via the DRG-SC connective pathway is critical for neurological recovery and myelin repair.
Sensory neurons are classified according to conduction velocity, which easily translates to axonal diameter. The smallest fibers, C and Aδ fibers, are pain and temperature receptors, and synapse in different layers of the dorsal horn. The three main layers of the dorsal horn are the posterior marginalis, the substantia gelatinosa, and the nucleus proprius. Aδ pain fibers enter the posterior marginalis and the nucleus proprius, and synapse with sensory afferent neurons that carry pain signals to the thalamus via the spinothalamic tract.
The spinothalamic system is one of the major pain-transmission pathways (Willis et al., 1999) . The C fibers enter the substantia gelatinosa and synapse on interneurons, which do not project out of the immediate area. Thus our data showing that EAE SC has a higher proportion of Aδ fibers suggests that the mode of BDNF induced pain transmission is altered during the course of the disease. In addition, the expression of TrkB in the nucleus proprius shows that the Aδ fibers are signaling directly with sensory afferents associated with the spinothalamic tract. This finding correlates with our studies showing that EAE animals are more sensitive to cold than active control animals at the same phase of the disease .
Conclusion
Our study provides evidence of BDNF responsive cells in the SC in an animal model of MS, which support the role of TrkB in modulating acute inflammatory processes that contribute to myelin damage and associated neurological disability. We observed an up-regulation of TrkB in SC at day 12 post-EAE induction, while Zhu et al. in 2012 showed an upregulation of BDNF in SC at the same time point. Both these findings correspond to the inflammatory peak of the acute phase of EAE. Further, we revealed TrkB expression is up-regulated in several SC cell types including Aδ nerve fibres but absent in astrocytes. Finally, we showed myelin ensheathment is compromised in various size axons in an EAE model normally associated with little to no demyelination.
Other studies show BDNF is protective during the early mild phase of EAE but not during severe disease. This may be explained by astrocyte sequestering of BDNF via TrkB which prevents BDNF from exerting its beneficial effects. Since our study does not show TrkB expression in astrocytes, we suggest the TrkB receptor may be a disease modulator dependent on disease time course and cell type. Therefore, this suggests a narrow window may exist during the early inflammatory phase of EAE when a precise balance between ligand (BDNF) and receptor (TrkB) is achieved to promote neurological recovery. Therefore, this may provide insights into the optimal time for early treatment in MS patients. Further studies are also required to study the expression of _______________ 
